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Abstract 
Chemical-looping combustion (CLC) is generally based on interconnected fluidized beds where a solid oxygen 
carrier provides the oxygen for combustion in a fuel reactor (FR). The reduced oxygen carrier is then regenerated to 
oxidized state in an air reactor (AR) before being recycled to FR to complete the loop. CLC may be suitable and 
highly promising for power plants with near-zero CO2 emissions. This paper presents, from process thermodynamic 
modelling, a theoretical investigation of coal chemical-looping combustion for electricity generation with usual steam 
cycle. The technical issue of unburned compounds minimization at FR outlet is examined through direct oxygen 
injection in FR. Heat recovery systems are combined on the one hand with a supercritical seam cycle suited to low 
corrosivity of depleted air from AR, and on the other hand with a sub-critical steam cycle used in open-loop for steam 
production to fluidize oxygen carrier in FR and gasify char obtained from coal pyrolysis. The integrated configuration 
presented at one design point is shown to be promising in terms of net plant efficiency (41.6%LHV) including CO2 
capture and compression. 
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1. Introduction 
1.1. Background 
 Coal combustion is the main industrial way to produce electricity worldwide, due to its availability 
and efficient economics [1]. In order to reduce anthropogenic CO2 emissions, current projects for CO2 
capture from flue gases of coal combustion are focused on lowering capture costs and improving process 
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efficiency, as well as integrating efficiently the capture plant within the power plant. New innovative 
carbon capture technologies are a way to drastically cut CO2 avoidance prices down.  
Chemical-looping combustion (CLC) is a recent promising technology with inherent CO2 separation 
for power plants with near-zero emissions [2]. The CLC reactor is generally based on interconnected 
fluidized beds where a solid oxygen carrier is used as a bed material providing the oxygen for combustion 
in a fuel reactor (FR) producing a flue gas containing mainly CO2 and H2O. The reduced oxygen carrier is 
then regenerated to oxidized state in an air reactor (AR) before being recycled to FR to complete the loop. 
CLC, theoretically capable of achieving almost 100% CO2 capture, may be suitable and highly promising 
for large industrial power scales [3]. 
1.2. Coal application 
CLC has been developed with natural gas to validate the concept in laboratory environment [4] 
[5] as an initial stage before application to solid fuels. The theoretical net plant efficiency of natural gas 
CLC combined cycle consisting in a CLC system, an air turbine, a CO2 turbine and a steam turbine is up 
to 53%LHV at the oxidation temperature of 1200°C including CO2 compression to 110 bar [6]. However, 
the plant efficiency is limited due to oxygen carrier maximal temperature in order to avoid its softening or 
fusion. Moreover, the plant operability is highly constrained by concentration of fine particles of oxygen 
carrier in gas phase before expansion in turbine to avoid blades erosion. At last, the theoretical net plant 
efficiency is the same order of magnitude than efficient advanced post-combustion CO2 capture using 
proven chemical absorption in combination with successful natural gas combined cycle. As a result, CLC 
application in natural gas combined cycle should not play a significant role for CO2 capture from a 
medium to long term perspective. 
In recent years, a series of CLC experimental and theoretical studies have been performed with 
solid fuels (e.g. coal and pet coke) [7] [8] [9] [10]. Despites the complexity of circulating high flow rates 
and high temperature solid streams, some significant progresses in reactor design and scale up has been 
achieved [11] [12] and coal CLC has been rapidly demonstrated at lab scale. A conceptual design for a 
455 MWe coal CLC power plant has been performed from industrial know-how on classical components 
of circulating fluidized bed (CFB) at atmospheric pressure. Its evaluation has confirmed the potential of 
coal CLC compared to other CO2 capture technologies [13]. In addition, other theoretical studies predict 
high net plant efficiencies up to promising 41-42%LHV for electricity generation from coal [14].  
1.3. Purpose of the work 
The aim of this work is to investigate a concept of CL heat integration for electricity generation 
with steam cycle in the case of a conceptual base-load 250 MWe coal power plant. This paper will focus 
on plant efficiency from detailed process thermodynamic modeling and taking into account the main 
utilities consumption. 
 
2. General comments on investigation 
2.1. Power generation 
Power generation concept and new plant heat integration with CO2 compression are studied in a 
detailed performance analysis derived from process thermodynamic modeling (Aspen Plus 7.1 
engineering software). The simulation is carried out to validate, from rigorous mass and energy balance 
calculations, previous results on coal CLC plant efficiency [14]. Heat integration is achieved by 
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considering the main utilities consumption of coal power plant (i.e. electricity, air and steam) with the 
purpose of maximizing heat recovery and electrical efficiency. The operating data used for the steam 
cycle simulation are conservative with modern and available technologies of coal power plant and current 
development in the field of CO2 capture [15].  
The typical properties of pulverized coal used for the simulation are given in Table 1. 
Table 1. Coal properties 
Proximate composition (%mas) HHV (MJ.kg-1) LHV (MJ.kg-1) 
Moisture Fixed carbon Volatile matter Ashes   
7 51 32 17 28.9 25.9 
Immediate composition (%mas) 
C H O N S Ashes 
69.0 4.5 7.5 1.0 1.0 17.0 
2.2. Oxygen carrier 
Among the wide range of oxygen carriers and inert supports applied in CLC [2], a natural 
oxygen carrier derived from environmentally friendly and cheap manganese (Mn3O4  MnO) is selected 
for the simulation from a multicriteria analysis (Table 2). The pulverized oxygen carrier is supported by 
natural magnesium aluminate (MgAl2O4  30%mas) in order to increase its mechanical stability. Its oxygen 
transport capacity is set at a reduced value (2%mas) which means that all oxygen carrier does not undergo 
a complete oxidation-reduction cycle.  
Table 2. Criterion of oxygen carrier selection 
Criterion Optimal value Aim  Minimization  
Maximum oxygen transport capacity High Solid recirculation flow rate  
Reactivity High Residence times 
Heat of reaction High Temperature difference between reactors 
Mechanical stability High Erosion, attrition and makeup flow  
Chemical stability High Effect of sulfur compounds, carbon deposits and coal ashes 
Thermal stability High Agglomeration and makeup flow 
Cost Low Operating cost 
Availability High Tension on raw materials 
Risks Low Effect on Man and Environment  
2.3. Assumptions 
The main simulation assumptions are as follows: 
 The system is in steady-state. 
 The thermodynamic equilibrium is used for gas-solid chemical reactions modeling in the AR and FR 
reactors via the Soave-Redlich-Kwong model. 
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 The NBS tables are used for water properties. 
 The selected compounds are: H2O, H2, O2, C, CO, CO2, N2, NO, S, SO2, Mn3O4, MnO, Mn2O3, Mn, 
MgAl2O4, coal, ash. 
 There is no heat loss. 
 Pressure drops in water pipes are not taken into account.  
 
3. Process integration 
For its description, the power plant is divided into four main sub-systems as shown in Fig. 1: 
 The CLC system (1). 
 The AR heat recovery (2). 
 The FR heat recovery (3). 
 The FR gas treatment and CO2 compression (4). 
 
 
Fig. 1. Block flow diagram of coal CLC for electricity generation with steam cycle 
3.1. CLC system 
The following design considerations are used: 
 The oxygen carrier is entirely oxidized (i.e. Mn3O4) at the FR input. 
 A fraction of carbon is unburned at the outlet of the FR lower part (10%mas) and at the FR outlet 
(5%mas). 
 Some oxygen (95%vol purity) obtained from cryogenic distillation is injected at the FR intermediate 
zone to minimize the unburned compounds fraction; energy consumption for its production is 250 
kWh.tO2-1. 
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 The steam (2 bar) used to fluidize the oxygen carrier in the FR is superheated after extraction from 
FR heat recovery system. 
 The air used to fluidize the AR goes through a blowing fan (0.1 bar  isentropic efficiency: 75%) and 
is then heated by AR heat recovery system. 
 The electrical consumption of coal mills, conveyors, hoppers and other management systems is 15 
kWh.tcoal-1. 
3.2. AR heat recovery 
The following design considerations are used: 
 Heat recovery system is combined with a supercritical single reheat seam cycle suited to low 
corrosivity of depleted air (N2, O2) at high temperature. 
 The supercritical steam cycle operates at 280 bar  580°C  600°C. 
 A fraction of released heat is exchanged between the oxygen carrier and water (evaporation) from 
AR at high temperature (1000°C). 
 Conventional heat exchangers (i.e. economizer  superheater  reheater) are used for heat recovery 
from AR depleted air. 
 An air preheater is used for transferring heat from the oxygen depleted air (110°C) to hot air injected 
into AR. 
 A fan (0.1 bar  isentropic efficiency: 80%) extracts depleted air from AR in order to overcome 
pressure drop. 
 Inlet pressure of IP is 56 bar. 
 The turbine isentropic efficiencies are set to the following values: HP  92%, IP  94%, LP  88%. 
 The steam quality at LP turbine outlet is 89% to limit blades erosion and corrosion. 
 The condenser temperature set up upstream of the extraction pump operates at 30°C (i.e. water 
saturation vapor pressure of 42 mbar) and the condenser is cooled by circulating water (15°C) from a 
secondary circuit. 
 For water preheating from 30°C to 267°C (i.e. final boiler feed water temperature) by steam 
extractions along the expansion path, the temperature rise in each heat exchanger is set to 30°C with 
temperature pinch of 10°C; in the case of superheated steam extraction, a desuperheater is set up 
before the heat exchanger. 
 The pressure of the feed water tank is 6 bar. 
 The pump efficiency is 75%. 
 The alternator and transformer efficiency is 98.1%. 
3.3. FR heat recovery 
The following design considerations are used: 
 Heat recovery system is combined with a sub-critical single reheat steam cycle suited to acid 
composition of flue gas (mainly CO2 and H2O mixture) and used in open-loop for BP steam 
production (60 t.h-1) to fluidize oxygen carrier in FR and gasify char obtained from coal pyrolysis.  
 The steam cycle operation in open-loop system requires a continuous makeup of demineralized water 
(60 t.h-1) significantly higher than conventional production of demineralized water in thermal power 
plants. 
 The sub-critical steam cycle operates at 180 bar  550°C  550°C. 
 Inlet pressure of IP is 36 bar. 
 The turbine isentropic efficiencies are set to the following values: HP  92%, IP  94%, LP  88%. 
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 The steam quality at LP turbine exhaust is 91% to limit blades erosion and corrosion. 
 The condenser temperature set up upstream of the extraction pump operates at 30°C and the 
condenser is cooled by circulating water (15°C) from a secondary circuit. 
 The pump efficiency is 75%. 
 The flue gases are cooled without condensation (114°C). 
3.4. FR gas treatment and CO2 compression 
The following design considerations are used: 
 A fan (0.15 bar  isentropic efficiency: 80%) is set up downstream of the particles filter. 
 Electrical consumption of ashes extraction system is 40 kWh.tashes-1. 
 Heat exchanger is used to cool the flue gases (60°C) before treatment in a desulfurization unit and 
heat is recovered through the water preheating cycle of AR. 
 The desulfurization unit operates in wet conditions (45°C) with gypsum formation (CaSO4) as 
byproduct; SO2 concentration in the flue gas at the desulfurization unit inlet is higher than 10 g.m-3. 
 CO2 is compressed to 110 bar in supercritical state through multistage compression train with 
constant compression ratio of 3 (isentropic efficiency: 85%). Between each intermediate stage, the 
gas stream is cooled to 30°C with liquid water removing and without heat integration. 
 
4. Results  
The results are outlined for one design point in Table 3 in the form of overall mass and energy 
balances. Working points of streams from Fig. 1 (i.e. 1.1, 1.2, etc.) are included in Appendix A. 
It can be seen that the net electrical efficiency including CO2 capture and compression reaches 
41.6%LHV in agreement with previous theoretical results [14]. AR, where hot air and oxygen carrier are 
mixed, is clearly the main source of steam production. Consequently, the design of steam generator 
components and conditions under which heat is transferred from AR to steam cycle have to be optimized 
and the oxygen carrier hardness must also be carefully taken into account.  
It should be pointed out that the operation of the sub-critical steam cycle in open-loop requires a 
continuous makeup of demineralized water for steam production to fluidize oxygen carrier in FR and 
gasify char obtained from coal pyrolysis. This configuration allows a more simple water quality control.  
Steam requirement for char gasification could be significantly decreased with promising CLOU materials 
(i.e. chemical-looping with oxygen uncoupling) because of release of gaseous oxygen that can react 
directly with char giving faster char oxidation [16]. 
Effect of coal rank has a clear influence on the gas composition and conversion. As a 
consequence, some precautions when designing FR should be taken to achieve high gas conversion in 
order to avoid oxygen injection (or gases recycling) in FR. 
CO2 capture ratio is particularly sensitive to the coal conversion into FR and the efficiency of 
solids separator (e.g. cyclone, carbon stripper, etc.). Feedback from pilot plant is necessary to assess 
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Table 3. Working point of CLC process for electricity generation  
Parameter  Value 
Coal flow rate t.h-1 81 
Thermal power MWth 583 
CO2 flow rate t.h-1 188 
CO2 capture ratio % 100 
Gross electrical power MWe 283.4 
Gross electrical efficiency %LHV 48.4 
Electrical power  supercritical cycle MWe 251.7 
Electrical power  sub-critical cycle MWe 31.7 
Water flow rate  supercritical cycle t.h-1 592 
Water flow rate  sub-critical cycle t.h-1 88 
Auxiliaries consumption MWe 21.9 
CO2 compression MWe 14.0 
O2 production MWe 3.6 
Net electrical power MWe 243.9 
Net electrical efficiency %LHV 41.6 
 
5. Conclusion 
Coal CLC for electricity generation with steam cycle and CO2 capture has been analyzed at one 
design point. With the present assumptions, the configuration presented in this work is shown to be 
promising in terms of net plant efficiency. The technical issue of unburned compounds minimization at 
FR outlet has been examined through direct oxygen injection in FR. Heat recovery systems have been 
combined on the one hand with a supercritical seam cycle suited to low corrosivity of depleted air from 
AR, and on the other hand with a sub-critical steam cycle used in open-loop for steam production to 
fluidize oxygen carrier in FR and gasify char obtained from coal pyrolysis. In the future, this 
configuration should be fully optimized in a more advanced model.  
A characteristic of CLC process complexity is highlighted through the different time scale of the 
controlling steps inside AR and FR. Coal conversion in FR appears to be controlled by slow char 
gasification rate whereas the conversion of unburned compounds is tightly connected to contact efficiency 
between oxygen carrier and reactants. Hence their residence time must be accurately controlled through 
relevant plant design.  
From a medium to long term perspective, the technical key challenges facing CLC at pilot plant 
scale before scale up are successful operation including start-up and shutdown, stability over many 
hundreds of hours, flexibility during transient-state and low load operation, variability in feedstock and 
products while ensuring high conversion to CO2 and H2O and low fraction of unburned carbon, control 
system and recovery of mixed oxygen carrier fine and ashes fine particles.  
 Olivier Authier and Yann Le Moullec /  Energy Procedia  37 ( 2013 )  588 – 597 595
References 
[1] International Energy Agency. CO2 emissions from fuel combustion  Highlights. IEA statistics; 2011. 
[2] Adanez J, Abad A, Garcia-Labiano F, Gayan P, de Diego LF. Progress in Chemicals-looping combustión and reforming 
technologies. Prog. Energy Combust. Sci. 2012;38:215-282.  
[3] Morin JX, Béal C, Suraniti S. Public summary report of ENCAP deliverable D4.2.4. e CLC boiler / plant feasibility 
www.encapco2.org 
[4] Johansson M, Mattisson T, Lyngfelt A. The use of NiO/NiAl2O4 particles in a 10 kW chemical-looping combustor. Ind. Eng. 
Chem. Res. 2006;45:5911-5919. 
[5] Kolbitsch P, Pröll T, Hofbauer H. Modeling of a 120 kW chemical looping combustion reactor system using a Ni-based 
oxygen carrier. Chem. Eng. Sci. 2009;64:99-108.  
[6] Naqvi R, Bolland O. Multi-stage chemical looping combustion (CLC) for combined cycles with CO2 capture. Int. J. 
Greenhouse Gas Control 2007;1:19-30. 
[7] Berguerand N, Lyngfelt A. Design and operation of a 10 kWth chemical-looping combustor for solid fuels  Testing with 
South African coal. Fuel 2008;87:2713-2726. 
[8] Sozinho T, Pelletant W, Gauthier T, Stainton H. Main results of the 10 kW coal pilot plant operation. 2nd International 
Conference on Chemical Looping 2012;Darmstadt. 
[9] Markström P, Linderholm C, Lyngfelt A. Operation of a 100 kW chemical-looping combustor with Mexican petroleum coke 
and Cerrejón coal. 2nd International Conference on Chemical Looping 2012;Darmstadt. 
[10] Orth M, Ströhle J, Epple B. Design and operation of a coal-fired 1 MWth chemical looping pilot plant. 2nd International 
Conference on Chemical Looping 2012;Darmstadt. 
[11] Alstom Technology. System for converting fuel material. Patent WO 2010/142533 A1. 
[12] IFP Energies Nouvelles TOTAL. Chemical looping combustion process with a reaction zone incorporating a gas/solid 
separation zone and plant using such a process. Patent WO 2011/151535 A2. 
[13 37th 
International Technical Conference on Clean Coal & Fuel Systems 2012;Pittsburgh. 
[14] Anheden M, Fillman B, Wolf J. Parameter study in order to reveal critical design issues in the design for a CLC power plant  
using solid carbon as fuel. 1st International Conference on Chemical Looping 2010;Lyon. 
[15] Le Moullec Y, Kanniche M. Screening of flowsheet modifications for an efficient monoethanolamine (MEA) based post -
combustion CO2 capture. Int. J. Greenhouse Gas Control 2011;5:727-740. 
[16] Mattison T, Lyngfelt A, Leion H. Chemical-looping with oxygen uncoupling for combustion of solid fuels. Int. J. 
Greenhouse Gas Control 2009;3:11-19. 
Appendix A.  
A.1. CLC system 
Table 4 presents working point of CLC system.  
Table 4. Working point of CLC system (*without oxygen carrier and ashes)  
Stream Flow rate T P Composition 
 t.h-1 °C bar % 
    Coal      
1.1 81 20 1 100.0      
    N2 O2     
1.2 14.4 20 1.05 5.0 95.0 (vol)    
    H2O      
1.3 60 550 2 100.0      
    N2 O2     
1.4 828 186 1.05 79.4 20.6 (vol)    
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    Mn3O4 MgAl2O4     
1.5 11736 1000 1 70.0 30.0 (mas)    
    Mn3O4 MnO MgAl2O4    
1.6 11592 985 1 52.8 16.8 30.4 (mas)   
    N2 O2 NO    
1.7 681 1000 1 94.4 5.6 204 ppm (vol)   
    H2O CO2 SO2 N2 O2  
1.8* 289 985 1 54.7 44.2 0.2 0.5 0.2 (vol) 
    H2O CO2 SO2 N2 C  
1.9* 275 947 1 54.9 40.1 0.2 0.3 4.5 (vol) 
A.2. AR heat recovery 
Table 5 presents working point of AR heat recovery. 
Table 5. Working point of AR heat recovery  
Stream Flow rate T P Composition 
 t.h-1 °C bar % 
    N2 O2 NO  
2.1 681 110 1 94.4 5.5 200 ppm (vol) 
    H2O    
2.2 592 267 280 100    
    H2O    
2.3 592 580 280 100    
    H2O    
2.4 565 600 56 100    
    H2O    
2.5 457 30 0.042 100    
    H2O    
2.6 592 150 6 100    
    H2O    
2.7 21011 25 1 100    
A.3. FR heat recovery 
Table 6 presents working point of FR heat recovery. 
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Table 6. Working point of FR heat recovery (*without oxygen carrier and ashes) 
Stream Flow rate T P Composition 
 t.h-1 °C bar % 
    H2O CO2 SO2 N2 O2  
3.1* 289 157 1 54.7 44.2 0.2 0.5 0.2 (vol) 
    H2O      
3.2 88 550 180 100      
    H2O      
3.3 88 550 36 100      
    H2O      
3.4 28 30 0.042 100      
A.4. FR gas treatment and CO2 compression 
Table 7 presents working point of FR gas treatment and CO2 compression. 
Table 7. Working point of FR gas treatment and CO2 compression  
Stream Flow rate T P Composition 
 t.h-1 °C bar % 
    Ashes C    
4.1 10.5 157 1 97.2 2.8 (mas)   
    H2O     
4.2 700 40 10 100     
    H2O     
4.3 25000 40 10 100     
    CO2 H2O N2 O2  
4.4 190 63 110 98.8 0.2 0.7 0.3 (vol) 
 
